Nitric oxide (NO) is a second messenger with diverse roles in the cardiovascular system, such as inhibiting thrombosis and limiting vascular inflammation. One mechanism by which NO modulates such disparate physiological processes is by regulating protein trafficking within cells. NO inhibits exocytosis of endothelial granules which would otherwise trigger inflammation. NO also blocks platelet secretion of granules that would otherwise activate thrombosis. NO decreases granule trafficking from the Golgi to the plasma membrane by targeting a key component of the exocytic machinery, N-ethylmaleimide sensitive factor (NSF). In contrast to its inhibitory effects on exocytosis, NO accelerates endocytosis. S-nitrosylation of dynamin increases its ability to hydrolyze GTP, assemble in oligomers around a nascent vesicle, and cleave the endocytic vesicle free from the plasma membrane. NO regulation of vesicle trafficking is a molecular mechanism that explains some of the cardiovascular effects of NO, and may be of broad physiological significance.
Introduction
NO was originally identified as an endogenous vasodilator, and was later found to regulate every type of vascular cell. NO relaxes smooth muscle cells, inhibits platelet aggregation, promotes angiogenesis, recruits endothelial progenitor cells, and decreases inflammation. Although some of these effects of NO are mediated by its ability to stimulate guanylyl cyclase and elevate cGMP, other pathways targeted by NO were initially elusive. Subsequent research revealed that NO controls inflammation and thrombosis in part by regulating vesicle trafficking. NO moderates the antegrade transport of proteins from the Golgi apparatus to the plasma membrane, and NO modulates the retrograde transport of proteins from the plasma membrane to endosome. S-nitrosylation of critical molecular motors is a fundamental mechanism by which NO controls the rate of protein trafficking.
NO inhibits vascular inflammation
NO is a potent anti-inflammatory agent. Exogenous NO donors decrease leukocyte adherence to the vessel wall; conversely, NOS inhibitors increase leukocyte rolling along the endothelium [1] . NO derived from each of the NOS isoforms inhibits leukocyte interactions with the vessel wall. Leukocyte adherence to the vessel wall is elevated 10-fold in eNOS knockout mice and 4-fold in nNOS knockout mice compared to wild-type mice [2] . LPS induces a 3-fold higher number of leukocytes rolling on venules in iNOS knockout mice than in wild-type mice [3] . NO also inhibits inflammation in diverse murine models of vascular disease, including myocardial infarction, glomerulonephritis, lung injury, and stroke [4] [5] [6] . Thus NO derived from each of the NOS isoforms inhibits vascular inflammation. How?
Clues to the anti-inflammatory mechanism of NO came from studies of leukocyte interactions with the vessel wall. Leukocyte trafficking involves 5 discrete stages: (1) NO inhibits the first stage of leukocyte trafficking, leukocyte rolling. Leukocyte rolling is mediated in part by P-selectin, and NO decreases expression of P-selectin on the endothelial surface [7] . P-selectin is a transmembrane protein normally stored within resting endothelial cells in granules called Weibel-Palade bodies (WPB) [8] [9] [10] . However, inflammatory signals such as histamine, hypoxia, or oxidized LDL activate endothelial exocytosis of these granules [11] . During exocytosis, the membranes of the WPB rapidly fuse with the endothelial plasma membrane, translocating P-selectin to the exterior. On the outer surface of the endothelial cell, P-selectin interacts with its ligand Pselectin glycoprotein ligand-1 (PSGL-1) on the surface of leukocytes, causing transient leukocyte rolling along the vessel wall [12, 13] . Since exocytosis of WPB triggers the initial phase of leukocyte rolling, NO inhibition of exocytosis limits vascular inflammation.
NO also inhibits other stages of leukocyte trafficking. NO decreases expression of integrins and intercellular adhesion molecules necessary for the third stage of leukocyte rolling, leukocyte adherence [14] [15] [16] [17] . One possible mechanism may be through S-nitrosylation of nuclear factor kappaB, a transcription factor that drives expression of many proinflammatory molecules [18] . Furthermore, NO blunts the second sage of leukocyte trafficking, leukocyte and endothelial activation. For example, NO limits cellular activation by acting as an anti-oxidant. Superoxide is an innate immune effector produced by NADPH oxidases in neutrophils and macrophages. Superoxide can injure cells in part by oxidizing proteins, lipids, and nucleic acids. However, NO can react rapidly with superoxide, and diminish superoxide toxicity [19] [20] [21] . Furthermore, NO can directly inhibit the NADPH oxidase that produces superoxide [22] . NO also limits inflammation induced by other oxygen radicals such as hydrogen peroxide [23] . Thus NO limits leukocyte trafficking at multiple stages.
NO inhibits exocytosis

The stages of vesicle trafficking
In order to understand how NO inhibits exocytosis, a brief overview of vesicle trafficking is necessary. Proteins within the secretory pathway are transported in vesicles from the endoplasmic reticulum (ER) to the Golgi apparatus into granules before reaching their ultimate destination. Vesicle trafficking consists of several discrete stages: cargo loading, budding, translocation, priming, triggering, membrane fusion, and recycling [24] [25] [26] [27] . A Weibel-Palade body inside an endothelial cell follows this cycle of vesicle trafficking. A nascent granule is loaded with VWF and P-selectin, and then buds off from the Golgi apparatus. The granule is directed by kinesin along a network of microtubules to the plasma membrane [28] . The granule docks with the plasma membrane, and is primed for fusion. When the endothelial cell is stimulated by inflammation or injury, intracellular calcium levels rise and trigger fusion of the granule and plasma membranes. VWF is expelled from the cell into the blood stream, and P-selectin is translocated from the interior to the exterior of the endothelial cell. After exocytosis, the empty granule recycles back to the Golgi.
Trafficking machinery
Distinct sets of proteins regulate the cycle of vesicle trafficking, including Rab family members, N-ethylmaleimide sensitive factor (NSF), soluble NSF attachment receptor proteins (SNAREs), and the Sec/Munc family [24] [25] [26] [27] . Rab proteins are small GTPases that are involved in every stage of vesicle trafficking, from budding to targeting [29] . The SNAREs are a group of transmembrane proteins that specify fusion partners [30] . One SNARE on a vesicle can interact with two SNAREs on a target membrane; this interaction brings the vesicle close to its fusion partner (Fig. 1 ). The complex of three unique SNARE molecules specifies which vesicle will fuse with a particular membrane. For example, VAMP-3 on an endothelial granule might interact with syntaxin-4 and SNAP-23 on a plasma membrane, targeting the granule for fusion with the plasma membrane [31] .
Vesicle trafficking is regulated by enzymes that stimulate formation of the ternary SNARE complex, and by other enzymes that separate the SNARE complex. Sec/Munc Fig. 1 . NO inhibits exocytosis by targeting NSF. During exocytosis, a SNARE on a vesicle (v-SNARE) interacts with two target SNAREs (t-SNARE) on the plasma membrane, forming a metastable SNARE complex. When intracellular calcium levels rise, the membranes of the vesicle and the cell fuse, expelling the contents of the vesicle. NSF is required either to prime the vesicle for fusion or to recycle the vesicle. NO blocks exocytosis by S-nitrosylation of NSF.
proteins accelerate the assembly of the SNARE complex [32] . In contrast, NSF disassembles the three part SNARE complex. NSF interacts with the SNARE complex via an accessory protein, and then converts the chemical energy of ATP hydrolysis into mechanical energy to disassemble the SNARE complex [33] . The precise stage of trafficking at which NSF functions is unclear: NSF may play a role in priming the vesicle before membrane fusion (Fig. 1) , or NSF may play a role in preparing the empty vesicle for recycling after fusion.
Calcium triggers rapid exocytosis of granules that have been primed by assembly of the SNARE complex. Although assembly of the SNARE complex can drive membrane fusion forward, the SNARE complex is clamped in a metastable state by complexins [34, 35] . When calcium levels rise, calcium binds to synaptotagmin which displaces complexin from the SNARE complex. The SNARE complex rapidly completes its conformational change, and drives membrane fusion.
NO regulates trafficking by S-nitrosylating NSF
Out of the many proteins that regulate vesicle trafficking, NSF has been identified as a major target of NO. NSF is a critical part of the exocytic machinery [36, 37] . Inhibition of NSF by antibodies or peptides decreases exocytosis in neurons and in endothelial cells [31, 38] . Mutations in NSF cause paralysis in Drosophila, accompanied by a decrease in neurotransmitter release and an accumulation in docked neurovesicles [39, 40] .
NSF is a plausible target of NO: NSF was purified due to its sensitivity to N-ethylmaleimide [36, 37] . Sensitivity to Nethylmaleimide suggested that NSF contains catalytic cysteine residues, since N-ethylmaleimide alkylates cysteine residues. However, N-ethylmaleimide is an artificial compound, and alkylation of cysteine residues is not physiological. In contrast, NO can reversibly modify cysteine residues, a process called S-nitrosylation, and NO is a physiological messenger molecule [41] . Thus the method by which NSF was discovered (and named) suggested that it was a potential target of NO.
Several experiments supported the hypothesis that NSF is a target of NO [31] . (1) NO can S-nitrosylate NSF on 3 of its 9 cysteine residues. (2) Exogenous NO S-nitrosylates NSF; and endogenous NO can S-nitrosylate NSF, both in endothelial cells ex vivo and in mice in vivo. (3) NO derived from eNOS can inhibit NSF, since NSF is not Snitrosylated in eNOS knockout mice. Thus NSF is a target of NO.
How does NO inhibit NSF? NSF has three domains [33] . The N-terminal domain of NSF interacts with the SNARE complex via an accessory protein; the D1 domain of NSF hydrolyzes ATP and generates mechanical force to separate the SNARE complex; and the D2 domain binds ATP and mediates oligomerization of NSF into hexamers. Although NO modifies cysteine residues C21 and C91 within the amino terminal domain of NSF that interacts with SNAREs, NO does not affect NSF binding to SNAREs [31] . However, NO also S-nitrosylates C264 within the D1 domain of NSF that hydrolyzes ATP and disassembles the SNARE complex. NO does not affect the ATPase activity of NSF. However, NO blocks NSF disassembly activity [31] . In support of this concept, a C264A mutation of this cysteine residue to alanine also blocks NSF separation of the SNARE complex [42] . These data suggest that NO S-nitrosylates NSF on C264, blocking NSF disassembly of SNARE complexes, and thereby blocking exocytosis (Fig. 1) .
Does NO regulate vesicle trafficking by modifying other proteins in addition to NSF? Clearly NSF is a major target of NSF, since adding recombinant NSF back to cells treated with NO can restore exocytosis. But NO can stabilize a SNARE complex of recombinant proteins [43] . NO can also regulate small G-proteins such as ras that may lie upstream of the exocytic machinery [44] . Finally, by S-nitrosylating the ryanodine receptor, NO can modulate intracellular calcium levels that are necessary for exocytosis [45] . Therefore NO may regulate exocytosis by S-nitrosylating not only NSF but other targets as well.
NO regulates trafficking of platelet granules
NO inhibits platelet aggregation: platelet aggregation is decreased by exogenous NO gas, by endogenous EDRF, by NO donors ex vivo, and by endogenous NO in vivo [46] [47] [48] [49] . Many of these inhibitory effects of NO are mediated through a cGMP dependent pathway. NO elevation of cGMP decreased calcium transients, eicosanoid formation, thromboxane receptor expression, and gpIIb/IIIa conformational changes. However, NO also blocks platelet activation through a cGMP independent pathway [50] [51] [52] [53] .
Platelet activation
Platelet activation involves three stages-adherence, secretion, and aggregation. Following injury to the vessel wall, platelets adhere to the extracellular matrix via membrane receptor glycoprotein Ib/IX/V that interacts with VWF, and via GPVI that binds to collagen. Adherence activates the platelet, triggering intraplatelet pathways that lead to arachidonic acid metabolism and exocytosis of granules. Messengers released from platelet granules activate adjacent platelets, alter the conformation of the gpIIb/IIIa receptor, and ultimately lead to aggregation.
The secretory phase of platelet activation amplifies the initial platelet response to ligands. During this secretory phase, agonists trigger platelet release of alpha-granules, dense granules, and lysosomal granules. Platelet exocytosis of alpha-granules releases adhesive molecules such as VWF and P-selectin, coagulation factors such as Factor V and Factor VIII, and chemokines such as PF4, RANTES, and IL-8. Exocytosis of dense granules releases pro-thrombotic messengers including ATP, ADP, and serotonin. Secretion of these messengers play a critical role in activating platelets and stimulating aggregation. Emphasizing the important role of exocytosis in platelet activation, impaired formation of platelet dense granules in human diseases such as Hermansky-Pudlak syndrome or Chediak-Higashi syndrome is characterized by bleeding disorders.
NO inhibits exocytosis of platelet granules
NO inhibits platelet activation in part by blocking platelet exocytosis. Exogenous NO in doses as low as 1-10 nM inhibits P-selectin translocation from alpha-granules to the platelet surface [54, 55] . Endogenous NO also inhibits platelet exocytosis [49, 55] . NO inhibits the secretion of all three platelet granules, although the granules appear to be differentially sensitive to NO: lysosomal granules appear to be most sensitive to NO inhibition with an EC 50 for NO of about 1 nM; alpha-granules are of intermediate sensitivity with an EC 50 of about 10 nM; and dense granules least responsive with an EC 50 of 1 μM [55] .
NO inhibition of platelet exocytosis alters thrombosis in mice. Platelet rolling along vessels can be mediated by Pselectin stored within platelet alpha-granules. P-selectin surface expression in platelets is increased in eNOS knockout mice. Platelets from eNOS knockout mice have increased rolling along vessels, compared to wild-type platelets [55] . Finally, the bleeding time and the time to thrombosis is greatly diminished in eNOS knockout mice [55, 56] . The use of eNOS knockout mice has revealed that eNOS within platelets influences platelet exocytosis more than eNOS within endothelial cells [56] . These data support the idea that NO regulates platelet exocytosis in vivo.
As discussed above, NO inhibits specific aspects of platelet activation through cGMP pathways. However, NO inhibition of platelet exocytosis is independent of cGMP. The guanylyl cyclase inhibitor ODQ has no effect on the ability of NO to block exocytosis in platelets [55] . Instead, DTT blunts the effects of NO upon exocytosis, suggesting that NO regulates platelet granule exocytosis by Snitrosylation.
As in endothelial cells, NSF is the target of NO inside platelets. NO S-nitrosylates NSF inside platelets [55] . After treating platelets with NO, adding recombinant NSF back to permeabilized platelets restores exocytosis. Thus NO inhibits platelet granule secretion in part by interfering with the exocytic machinery.
Conflicting evidence on the role of NO in platelets
Contrary to the hypothesis that NO inhibits platelet degranulation, some evidence shows that NO stimulates platelet exocytosis. Insulin stimulates platelet secretion in an NO dependent manner [57] . Furthermore, insulin fails to trigger granule release from platelets of eNOS knockout mice. Why are there discrepancies between this study and others? One possible explanation is a difference between thrombin signaling and insulin signaling within platelets. Furthermore, the insulin-NO stimulatory pathway depends upon cGMP, whereas the NO inhibitory pathway involves Snitrosylation. In fact, some data suggest that cGMP and PKG may activate platelets in certain circumstances [58] .
NO regulates constitutive vesicle trafficking from
Golgi to plasma membrane
NO regulates antegrade trafficking in endothelial cells
NO also regulates trafficking of proteins that are constitutively routed to the plasma membrane. For example, NO decreases the transport of a GFP-fusion protein that travels from endoplasmic reticulum to Golgi to the plasma membrane [59] . This effect may also be due to NO modification of NSF. However, NO can only regulate protein trafficking if its source is adjacent to the trafficking machinery. When eNOS is localized in the nucleus, NO has no effect on cytosolic protein trafficking. In contrast, when eNOS is directed to the Golgi, trafficking from Golgi to plasma membrane is disrupted [59] . If NO inhibits protein trafficking in intracellular domains close to eNOS, then high local concentrations might be necessary to affect the transport machinery. Taken together, these findings suggest that NO can regulate protein transport, as long as the source of NO is adjacent to the transport machinery.
NO regulates trafficking of neuronal receptors
NO also regulates protein trafficking in neurons. Glutamate receptors mediate excitatory synaptic transmission in the central nervous system. Changes in synaptic density of the AMPA subtype of glutamate receptor may serve as a mechanism to store information in the central nervous system. NSF serves as a chaperone that escorts the AMPA receptor to the surface of neurons, regulating Fig. 2 . NO accelerates endocytosis by S-nitrosylation of dynamin. In receptor mediated endocytosis, ligands bind to receptor, recruiting an endocytic complex that includes clathrin (not shown) and dynamin. Multiple dynamin units assemble around the neck of the endocytic vesicle, hydrolyze GTP, and cleave the vesicle free from the membrane. By S-nitrosylation of dynamin, NO increases the rate of dynamin assembly, GTPase activity, and membrane scission. synaptic plasticity [60] . NO derived from nNOS promotes the surface expression of the AMPA receptor by Snitrosylating NSF, augmenting NSF binding to the AMPA receptor, and inserting the receptor into the membrane surface [61] . Since modulation of AMPAR expression is related to long term potentiation, this process may serve as a mechanism by which NO regulates synaptic plasticity.
6. NO regulates constitutive vesicle trafficking from Golgi to plasma membrane
Receptor mediated endocytosis
While exocytosis is the process by which vesicles deliver compounds to the cell surface, endocytosis involves the cell engulfing extracellular material and transporting it in vesicles into the cell. The three major forms of endocytosis are phagocytosis, macropinocytosis and receptor mediated uptake [24] . Receptor mediated endocytosis involves surface receptors that interact with soluble ligands and cluster at clathrin-coated pits [24] . After a coated vesicle forms at the cell surface, the GTPase dynamin assembles into multimers, forming a collar around the neck of the nascent vesicle, and facilitates scission of the vesicle from the membrane [61] .
NO regulates endocytosis by S-nitrosylating dynamin
NO accelerates receptor mediated endocytosis by targeting dynamin (Fig. 2) . NO S-nitrosylates dynamin, increases dynamin oligomerization and GTPase activity, thereby increasing endocytosis [62] . In both transformed cell lines and in endothelial cells, NO modification of dynamin increases receptor mediated endocytosis [62, 63] . Furthermore, NO production is localized to sites of endocytosis by an interaction between dynamin and eNOS. This interaction not only localizes NO production, but also increases eNOS activity [64] .
What is the structural basis by which NO increases dynamin activity? Dynamin has an amino terminal proline rich domain (PRD) which increases self-assembly, and a pleckstrin homology (PH) domain which decreases selfassembly and GTPase activity [65, 66] . NO nitrosylates dynamin within its PH domain on C607 [62] . S-nitrosylation of dynamin C607 modulates the inhibitory role of this domain, increasing both the GTPase activity and the assembly of recombinant dynamin. Mutation of this critical C607 residue blocks the effects of NO [62] . Taken together, these data support a role for NO in the regulation of endocytosis.
Summary
NO regulates cardiovascular physiology in part by controlling protein trafficking. S-nitrosylation of dynamin accelerates endocytosis; the physiological consequences of this modulation are not yet clear, but may be of major importance in regulating the responsiveness of cells to adrenergic signals.
By S-nitrosylating NSF, NO retards exocytosis. Exocytosis is an important form of communication employed by diverse cells within the cardiovascular system: platelets activate neighboring platelets, cardiac myocytes release atrial natriuretic factor, endothelial cells attract leukocytes, and leukocytes kill target cells-all relying upon the process of exocytosis of unique granules. Exocytosis also plays a major role in signaling outside of the cardiovascular system. For example, exocytosis plays a critical role in neurotransmission, insulin secretion, and fertilization. NO regulation of vesicle trafficking may be a widespread phenomenon of broad physiological significance.
